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EXECUTIVE SUMMARY 

This report presents the results of a climate vulnerability mapping exercise that is intended to assist the 

United States Agency for International Development (USAID)/Mali with strategic planning. The approach 

utilizes a spatial vulnerability index comprising 18 indicators that are grouped into three vulnerability 

components: climate exposure, sensitivity, and adaptive capacity. Results are presented in map outputs, 

with the overall vulnerability map found in Figure 5.  

Due to high levels of poverty, all of Maliõs territory and population could be said to be highly vulnerable 

to future climate change. In spite of the fact that Mali, like its Sahelian neighbors, has a long history of 

coping with climate variability ñ and its livelihood systems are diversified in such a way as to reduce risk 

ñ the country has higher levels of overall vulnerability as compared to countries with higher levels of 

income and more stable/humid climates. The purpose of this mapping exercise is to highlight hotspots of 

particularly high relative vulnerability within Mali due to constellations of high climatic stress, high 

sensitivity (or susceptibility), and low adaptive capacity.  

The results for current vulnerability show that relatively large swaths of northern Mali are hotspots, yet 

these areas are thinly settled with only 6 percent of Maliõs population. Due to high capacity and relatively 

low sensitivity, Bamako is considered to have low vulnerability, as is the region immediately around 

Sikasso. The most densely settled agricultural region, in southeastern Mali, generally has medium to 

medium-high vulnerability. Approximately 75 percent of Maliõs population resides in these vulnerability 

categories. Although the overall index may capture the greatest attention, much of the richness of this 

report lies in exploring the spatial patterns of vulnerability in the original 18 indicators and components. 

We also considered two statistically downscaled future climate scenarios, representative concentration 

pathway (RCP) 4.5 and 8.5, representing low and high emissions scenarios, respectively, for time periods 

centered on 2030 and 2050. Results for the 2030 time period suggest relatively modest changes in 

overall vulnerability, but results for 2050 suggest that large areas in northern Mali will shift from 

medium-high to high vulnerability. The northern limit for rain-fed millet and sorghum has already shifted 

southward by approximately 50km in the past sixty years, and is likely to continue to do so as 

temperature increases affect the moisture availability for agriculture. In addition, our analysis could not 

adequately capture future changes in rainfall variability, which are likely to have as much of an impact on 

livelihoods as long-term trends. 

While the vulnerability mapping can identify broad regions that are likely to be more vulnerable to 

climate stressors, any given community within that region could be more or less vulnerable than the 

average for the region for a host of context-specific reasons. Also, as with any spatial vulnerability index 

approach, the results depend on the robustness of the underlying data and are also sensitive to a range 

of methodological assumptions. There are multiple sources of uncertainty, ranging from the climate and 

socioeconomic data to the nature of the underlying causal mechanisms that produce vulnerability. A 

sensitivity analysis finds, however, that results for the vulnerability index are relatively robust, with the 

maximum potential decline or increase between each of five vulnerability classes limited to one step 

lower or higher on a five-step vulnerability scale for any given location on the map. We urge users to 

review the alternative approach to aggregation presented in Annex II (principal components analysis) 

and the sensitivity analysis presented in Annex III, as well as to understand the data limitations presented 

in the indicator metadata (Annex IV).
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1.0 INTRODUCTION 

As part of the African and Latin American Resilience to Climate Change (ARCC) program, the Center 

for International Earth Science Information Network, Columbia University (CIESIN) has developed 

climate vulnerability maps to be used by USAID/Mali to inform its climate adaptation and broader 

development programming. The approach uses a spatial vulnerability index comprising 18 indicators 

grouped into three vulnerability components: climate exposure, sensitivity, and adaptive capacity. The 

results are summarized in map outputs with accompanying text. This report is divided into the following 

sections: Section 2 summarizes our approach, including the framework, data, and methods; Section 3 

presents results and maps; Section 4 provides conclusions; Annex I provides climate projection results; 

Annex II provides the results of a principal components analysis (PCA); Annex III provides a sensitivity 

analysis; and Annex IV provides indicator maps and data documentation (metadata). 

In terms of high-level findings, the two approaches that were taken to develop an aggregate vulnerability 

map, the additive approach and a PCA (de Sherbinin, 2014), yielded broadly similar results. These 

include higher vulnerability in the northern areas, where rainfall is most limited and climate variability is 

highest; and lower vulnerability in the southern and southwestern portions of the country, with the 

lowest vulnerability around Bamako. Much of the richness, however, lies in examining the spatial 

patterns for the underlying components and examination of the maps of the individual indicators, found 

in Annex IV. 

The results need to be qualified as being broadly indicative of patterns of vulnerability. In this regard, 

four points are worth highlighting: 

¶ Vulnerability maps and resulting òhotspotsó are built on assumptions regarding the mechanisms that 

produce vulnerability and data layers of varying accuracy. While we have provided a rationale 

section for each indicator layer in the metadata, in which we state our underlying assumptions, 

ideally we would be able to test these assumptions against outcome measures (e.g., morbidity, 

mortality, crop losses, or economic losses) related to specific climate events (e.g., floods or 

droughts).  

¶ We collated the best available sub-national data for Mali, which proved to be a remarkably 

information rich environment for a least developed country. Nevertheless, limitations in global, 

regional, and national data mean that there is uncertainty associated with the results. This means 

that maps should be used in conjunction with ground validation when results are to be applied in 

specific localities. While we sought to keep our indicator layers to a reduced set, avoiding some data 

sets of questionable quality, some of the indicator data layers in this analysis have unknown levels of 

uncertainty. We were only able to characterize uncertainty in 7 out of 18 data layers. We have 

sought to address known data quality issues in the limitations section of the metadata.  

¶ While maps can appear to provide unambiguous guidance on where to focus attention, map 

interpretation needs to be guided by accompanying text describing underlying uncertainties, because 

small changes in data and methods could produce different results. We provide a preliminary 

sensitivity analysis in Annex III to investigate the influence of our underlying assumptions regarding 

the construction of vulnerability on the overall vulnerability map. 
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¶ Map development would be improved by better data as well as a better understanding of the 

underlying functional form of the relationship among indicators (how a unit increase in one indicator 

relates to a unit increase in another indicator in terms of its impact on vulnerability); fungability (the 

degree to which a low score on one indicator compensates for high scores in another); and 

threshold effects for certain indicators. We further address these issues in the conclusion (Section 

4.1).  

Further discussion on the challenges of measuring vulnerability through aggregate indices are addressed 

by Baptista (2014) and Hinkel (2011).  
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2.0 FRAMEWORK, DATA, AND 

METHODS 

For this mapping exercise, we utilize the Intergovernmental Panel on Climate Change (IPCC) conceptual 

framework, which separates vulnerability into three components: exposure, sensitivity, and adaptive 

capacity to climate stressors (Parry et al., 2007). This framework and variants thereof are commonly 

used in vulnerability mapping exercises in Africa and globally (e.g., Midgley et al., 2011; Yusuf and 

Francisco, 2009; Thow and De Blois, 2008). Our approach was to map the generic vulnerability of the 

population rather than to develop separate vulnerability layers for individual systems (e.g., ecosystems); 

sectors (e.g., water or agriculture); or population sub-groups (e.g., pastoralists). Following Fusselõs 

(2009) recommendation that every quantitative vulnerability assessment clearly identify its focus, the 

attribute of value, the external hazards of concern, and its temporal reference, we define this 

vulnerability mapping as follows: 

¶ Focus: vulnerability of populations to food and livelihood insecurity 

¶ Valued attribute: food security, health, and wellbeing 

¶ External hazard: changes in rainfall and increasing temperatures that threaten agricultural production 

systems 

¶ Temporal reference: the years 2010, 2030, and 2050 

The spatial indicators we utilized are found in Table 1. Full documentation for each indicator is included 

in Annex IV. Our guiding approach was to identify a limited number of high-quality spatial data sets that 

best represent the component of interest while avoiding the temptation to add low-quality data (data of 

high uncertainty or coarse spatial resolution), thereby òcontaminatingó the results.1 We have reasonably 

high confidence in the validity and reliability of each of the data sets included, though limitations are 

further explored in the metadata. 

Our processing involved the following steps. We converted all the original (raw) spatial data layers into 

grids at a common 30 arc-second (approximately 1 sq. km) resolution. We chose this grid cell size 

because it was the resolution of our highest-resolution data sets (flood frequency and soil organic 

carbon), and we felt that the interpolated surfaces for a number of our point-based data sets (e.g., the 

Demographic and Health Survey cluster-level data, conflict data, and health facilities data) could achieve 

a better representation of spatial variability at 1 sq. km. Yet it is worth noting that the climate and 

anthropogenic biomes data layers are at a spatial resolution of 5 to 6 arc-minutes (approximately 10-11 

km on a side at the equator); and the poverty index and infant mortality are only available for 

administrative units (communes and cercles, respectively). Thus, while we strove to utilize the highest-

                                                

 

1  For an example of a òbig netó approach to indicator selection, see the indicator list for the Midgley et al. (2011) vulnerability mapping 

effort in Southern Africa. Their approach includes eight exposure indicators, 23 sensitivity indicators, and 12 adaptive capacity indicators. 
By contrast, we have chosen six exposure, seven sensitivity, and five adaptive capacity indicators. 
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resolution data sets available ñ with the climate data being a noteworthy example2 ñ it is worth 

bearing in mind that the nominal 1 sq. km resolution of the outputs is based on inputs of varying 

resolutions. 

TABLE 1. INDICATORS  UTILIZED BY COMPONEN T OF VULNERABILITY  

Component  Indicator 

Code 

Data Layer  

 

 

 

Exposure 

PRCP Average annual precipitation (1950ð2009) 

IACV Inter-annual coefficient of variation in precipitation (1950ð2009) 

DCVAR Percent of precipitation variance explained by decadal component (1950ð

2009) 

NDVICV Coefficient of variation of the Normalized Difference Vegetation Index 

(NDVI) (1981ð2006) 

TTREND Long-term trend in temperature in July-August-September (1950ð2009) 

FLOOD Flood frequency (1999ð2007) 

 

 

 

Sensitivity 

HHWL Household wealth (2006) 

STNT Child stunting (2006) 

IMR Infant mortality rate (IMR) (2006) 

POVI Poverty index by commune (2008) 

CONF Conflict events/political violence (1997ð2012) 

CARB Soil organic carbon/soil quality (1950ð2005) 

MALA Malaria stability index  

 

 

Adaptive Capacity 

EDMO Education level of mother (2006) 

MARK Market accessibility (travel time to major cities) 

HEALTH Health infrastructure index (2012) 

ANTH Anthropogenic biomes (2000) 

IRRI Irrigated areas (area equipped for irrigation) (1990ð2000) 

The development of aggregate indices requires some sort of normalization (rescaling) of the raw data 

values (OECD, 2008). We chose to calculate indicator scores on a 0-100 scale, where 0 equates to 

lower vulnerability and 100 equates to high vulnerability (see the right-hand maps in the metadata, 

                                                

 
2  Historical climate data generally are only available in one-half to one degree resolution grid cells. We used climate data supplied by Famine 

Early Warning Systems Network (FEWSNET) at a much higher resolution thanks to a special data development effort that made use of a 
larger collection of ground stations blended with satellite data (Funk et al., 2012). 
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Annex IV).3 We inverted indicators where high values in the raw data were associated with low 

vulnerability: average annual precipitation (exposure); soil organic carbon, child stunting, and household 

wealth (sensitivity); and motherõs education, community health centers, and irrigation areas (adaptive 

capacity). Full details on the transformations that were applied to each indicator are provided in the 

òscoring systemó section of the metadata. For most indicators, we simply created a percentile version of 

the raw data, maintaining the original data distribution. Several indicators had highly skewed distributions 

on the raw scale: average annual precipitation, the coefficient of variation of NDVI, flood frequency, soil 

organic carbon, and market accessibility. For these indicators, we trimmed the tails of the distribution, 

and the threshold (or winsorization) values are recorded in the metadata.  

Expert judgment was required in processing a number of indicators, including development of 

continuous surfaces for two point data sets (conflict events and health infrastructure); and for the 

recoding of anthropogenic biome classes into vulnerability scores. In the normalization process we 

excluded from consideration all areas north of 17.2 degrees N latitude, a region that is very sparsely 

populated. We did this for two reasons. The first is because vulnerability results are less meaningful for 

a region that is so thinly populated and where climate variability and change may have less of an impact 

due to already harsh conditions. The second is methodological; inclusion of indicator data values for this 

region might skew results (due to extreme values) for the remainder of Mali, which is the primary 

region of interest.4  

The indicators were then averaged to produce component maps for exposure, sensitivity, and adaptive 

capacity. We term this the òadditive approachó to index construction (in contrast to the PCA in Annex 

II; for details on the additive approach, see de Sherbinin [2014]). Note that adaptive capacity was 

changed to òlack of adaptive capacityó for the mapping in order to retain the standard meaning across all 

components, in which high values equate to high vulnerability. All indicators were given equal weights 

except for the three indicators derived from Demographic and Health Survey (DHS) cluster-level data: 

household wealth, child stunting, and education level of the mother. The justification for this weighting 

was that these indicators were deemed to be closer to our interest in food and livelihood security, and 

because the data are at a higher spatial resolution than most of the other sensitivity and lack of adaptive 

capacity indicators. In the final step, since the ranges of scores in the resulting components significantly 

varied, we rescaled the resulting component scores so that they ranged from 0 to 100, and then 

averaged the three components together to create an overall vulnerability map.  

The temporal reference for the baseline vulnerability mapping is the current period (circa 2010), though 

individual indicators are base-lined between the years 2000 and 2010. The climate indicators reference 

longer time periods. Section 3.5 and Annex I address future vulnerability based on projections of two 

indicators, precipitation and temperature trends, for future time periods centered on 2030 and 2050. 

Due to time and resource constraints we were unable to develop future scenarios for the sensitivity and 

adaptive capacity indicators. 

  

                                                

 
3  Prior to conversion, grids were converted to tabular comma-separated values (CSV)-format files using a common grid referencing system. 

All data transformations and aggregations were performed in the R statistical package, and the data were re-exported to ArcGIS for 
mapping. 

4  For further discussion of the influence of region of interest selection on vulnerability mapping results, see Abson et al. (2012), where 

results for separate ecoregions within Southern Africa were different than results for the entire region. Similarly, de Sherbinin (2014) 
includes a broader discussion on this topic. 
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3.0 RESULTS  

We turn now to the results, first by component and then overall vulnerability based on past climate 

trends and variability. The maps are presented in vulnerability classes of 0-20 (low); 21-40 (medium-

low); 41-60 (medium); 61-80 (medium-high); and 81-100 (high). The use of equal interval maps with set 

categories means that the areas (or number of grid cells) included in each class vary depending on the 

underlying statistical distribution of the components. The maps can be used to understand the 

components of vulnerability in a given location (how each component contributes to the overall score); 

and to identify areas of relatively higher exposure, sensitivity, lack of adaptive capacity, and overall 

vulnerability that may require programmatic interventions. Examples of these two applications follow: 

1. An analyst would like a deeper understanding of the vulnerability profile of a given region. If he or 

she is interested in the vulnerability profile for the Kayes Region (the administrative unit in western-

most Mali), he or she would find that exposure ranges from medium-low (in the south) to medium-

high (in the north); its sensitivity ranges from medium (in the southwest) to medium-high (in the 

northeast and northwest), with pockets of high sensitivity in the extreme northeast; its lack of 

adaptive capacity is medium near the city of Kayes and west of Bamako, but otherwise medium-high; 

and its overall vulnerability is medium in the south and medium-high in the north, with a pocket of 

high vulnerability in the extreme northeast. An additional piece of information would be that the 

northernmost portion of Kayes has been affected during the past 60 years by declines in the 

reliability of rainfall meeting the threshold for rain-fed subsistence agriculture (e.g., millet or 

sorghum production), and a belt running through the center of the region has seen declines in the 

reliability of rainfall for cotton production (Figure 3). Finally, the principal components analysis 

(Annex II, Figure A2-5) finds that much of Kayes Region is in the lowest quintile of vulnerability, but 

that as with the overall vulnerability map, there is higher vulnerability in the north.  

2. For targeting of resources, another analyst might focus activities on the Timbuktu region, where 

overall vulnerability is very high (due in particular to high sensitivity), and where there are obvious 

needs for post-conflict reconstruction and development. Or, taking the vulnerability information in 

conjunction with the population map in Figure 7, that analyst might identify the Ségou Region (the L-

shaped region in central Mali that straddles the Niger River) as a higher priority, given its medium-

high vulnerability in large portions; high sensitivity in the eastern portion (the Dogon Plateau); and 

its large population of almost 2.3m (or ~16 percent of Maliõs total population). 

These are the two primary approaches for using the maps, but other pieces of ancillary information 

could be useful for targeting resources (such as topographic maps, route networks, secondary 

population centers, or maps of existing donor programming [Figure 8]). 

In a final section (3.5), future vulnerability is presented based on two climate scenarios projected to two 

time periods centered on 2030 and 2050. 

 
  



 

  

Mali Climate Vulnerability Mapping                  8 

3.1 EXPOSURE  COMPONENT  

The exposure component (Figure 1) is fairly straightforward to interpret; it reflects the south-to-north 

gradient of decreasing rainfall and increasing rainfall variability. Some of the more linear yellow, orange, 

and red features in areas with broad patterns of lower exposure reflect the influence of flood exposure 

along major river courses such as the Niger and its tributaries. 

FIGURE 1. EXPOSURE  

 
Note: We excluded from consideration areas above 17.2oN for reasons described in the note 

to Figure 5. 
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At an early stage, we explored an indicator that looks at changes in the number of years in two time 

periods (1990ð2009 compared to 1950ð1969), in which annual rainfall totals exceeded certain 

thresholds important to sorghum/millet (450mm) and cash crop/cotton (800mm) production. This 

approach created two bands ñ for 450mm in the north and 800mm in the south ñ with higher levels 

of exposure (Figure 2). What this points out is that changes in the reliability of rainfall along these two 

belts could be having important impacts on livelihoods in these regions. This idea would need to be 

validated by field data collection. In the end we decided not to include this information among the 

indicators in the exposure component or in the overall vulnerability map. 

FIGU RE 2. EXPOSURE COMPONENT  INCLUDING THE PRECIP ITATION 

THRESHOLD DATA  

 
Note: We excluded from consideration areas above 17.2oN for reasons described in the note 

to Figure 5. 
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3.2 SENSITIVITY COMPONEN T 

The sensitivity component (Figure 3) reveals a pattern of generalized high to moderately high sensitivity 

across most of Mali, with pockets of lower vulnerability in the East and West as well as around Bamako. 

The high sensitivity in the southeastern portions of Mali reveals the influence of high infant mortality in 

this region. This region is also comparatively more densely settled (see Figure 7). 

FIGURE 3. SENSITIVITY  

 
Note: We excluded from consideration areas above 17.2oN for reasons described in the note 

to Figure 5. 
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3.3 LACK OF ADAP TIVE CAPACITY COMPON ENT  

The lack of adaptive capacity component (Figure 4) has a fairly clear gradient, with adaptive capacity 

declining with distance from Bamako and from the Niger River. The results here are not overly 

surprising, reflecting the density of health posts and road infrastructure (and consequently market 

accessibility) in the areas around Bamako and southeastern Mali. Portions of the Niger River in northern 

Mali also have higher accessibility and a density of health infrastructure (e.g., around Timbuktu and Gao). 

In the West, the area around Kayes has higher adaptive capacity. 

FIGURE 4. LACK OF ADAPTIVE C APACITY  

 
Note: We excluded from consideration areas above 17.2oN for reasons described in the note 

to Figure 5. 
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3.4 OVERALL VULNERABILIT Y 

Figure 5 provides the overall vulnerability map, which averages the rescaled values from the exposure, 

sensitivity, and adaptive capacity components. (Annex II Figure A2-7 provides the same map, but with 

scores grouped in five quintiles, such that each quintile represents and equal area on the map, instead of 

five equal intervals.) Generally, vulnerability proceeds in a south-north gradient, with lowest vulnerability 

in the extreme south and around Bamako, and gradually increasing vulnerability northward with the 

exception of some areas of moderately low vulnerability in the Niger Delta and along the Niger River.  

In this map we have also included inset maps (Figure 5, bottom) that provide information on uncertainty 

levels in the DHS and climate data that provided the basis for seven out of 18 indicators. Although 

uncertainty levels cannot be assessed for all data sets, what these insets show is that error levels for the 

DHS and climate data are higher in regions to the west of Bamako and in the North owing to spatial 

gaps in measurements for both data sources (i.e., DHS sample clusters and meteorological stations). 

Results are more robust in areas that are white or lightly shaded in both inset maps; conversely, users 

should be more cautious about results in areas that are dark in both maps. Note that these maps reflect 

spatial gaps in measurement rather than measurement error per se (e.g., problems of survey design or 

instrumentation). 

FIGURE 5. OVERALL VULNERABIL ITY INDEX  

 

Note: In the normalization process we excluded from consideration all areas north of 17.2oN latitude, a region 

that is very sparsely populated. We did this for two reasons: (1) vulnerability results are less meaningful for a 

region that is so thinly populated and where climate variability and change may have less of an impact due to 

already harsh conditions, and (2) inclusion of indicator data values for this region might skew results (due to 

extreme values) for the remainder of Mali, which is the primary region of interest. 
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It is worth noting that the areas, population densities, and population counts vary substantially for each of 

the five vulnerability classes (Table 2). Approximately 40 percent of Maliõs population resides in areas 

classified as medium vulnerability, and 32 percent reside in medium-high vulnerability. Only 6 percent reside 

in areas of highest vulnerability, and the population density in these mostly northern regions is only 7 

persons per sq. km, compared with a density of more than 3,600 persons per sq. km for the low 

vulnerability category. The area of the lowest category is only 600 sq. km, and is confined to Bamako and its 

environs. The medium-high category comprises the largest area at almost 310,000 sq. km, or roughly one-

quarter of Maliõs total land area. Two of the adaptive capacity indicators, the health infrastructure index and 

market accessibility, are highly correlated with population density, and hence it should be noted that the 

vulnerability index is not completely independent of population distribution. 

TA BLE 2. AREA AND POPU LATION STATISTICS FO R EACH VULNERABILITY  

CATEGORY  

Vulnerability Index 

Categories  

Area  

(sq. km)  

Average 

Population Density 

(pop. / sq. km)  

Population 

Count  

% of 

Population  

Low (0-20) 600 3,623 2,116,524 14.2 

Medium-low (21-40) 11,034 104 1,107,342 7.4 

Medium (41-60) 194,493 32 6,073,534 40.8 

Medium-high (61-80) 307,357 16 4,727,328 31.8 

High (81-100) 133,711 7 849,869 5.7 
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In Figures 6 and 7, we provide two reference maps that aid in analyzing results. Figure 6 provides a 

population density map for the year 2010. Figure 7 is the Sahel Regional òSupermap 2.0ó of USAID 

Humanitarian and Development Programming and serves as a reference to visually compare how 

current USAID programming compares with climate vulnerability in mapping. In general, it is clear that 

development programing is concentrated in the more populated south, where climate vulnerability 

appears to be lowest. It is conceivable that USAID and other donor programming has contributed to 

lower vulnerability in this region than would otherwise have been the case. 

FIGURE 6. POPULATION MAP OF MALI  
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FIGURE 7. SAHEL òSUPERMAPó OF USAID PROGRAMMING  

 

Source: Map courtesy of Jeremy Chevrier, USAID Dakar 

3.5 FUTURE VULNERABILITY  

Future scenarios were run for temperature trend (TTREND) and average annual precipitation (PRCP) 

based on RCP 4.5 and 8.5,5 and for two 30-year time periods centered on 2030 and 2050. Details on the 

climate scenario data and methods, including the rationale and approaches to downscaling and bias-

correction, are included in Annex I.  It was not possible to project the other climate exposure indicators 

due to the fact that variability and extremes are difficult to capture with general circulation models 

(GCMs). Nor was it possible, given time and resource constraints, to develop future scenarios for the 

indicators included in the sensitivity and lack of adaptive capacity components. 

The projected values for TTREND and PRCP were scaled in such a way that they could be lower or 

higher than the 0-100 historical time period scale, indicating reduced or increased exposure over the 

                                                

 
5  These RCP scenarios are named after a range of radiative forcing values in the year 2100 relative to pre-industrial values of +4.5 and +8.5 

W/m2, respectively. RCP 8.5 represents a warmer world than RCP 4.5 does. 


